Introduction
Wrist pulse signals have been given importance as biomedical signal for health diagnosis in ancient culture in India [1] and China [2] . These signals are believed to carry significant health information about body organs. The approach relies on the observation of palpation on finger tips over three distinct radial pulse points on both the hands. Each radial pulse point is seen to provide distinct and important information about the health status. The analysis of these signals is advised to be carried out at low and deep pressure on individual pulse points. For identifying the importance of wrist pulse signals in health diagnosis, the wrist pulse signals have been acquired at superficial and deep pressure level by the researchers with the help of wrist pulse acquisition systems specially designed for the purpose [5] , [7] , [13] . No such system is however, readily available for this purpose. It is therefore essential to develop a wrist pulse acquisition system to acquire these signals. The design of such system for the wrist pulse acquisition is therefore carried out first to study these signals. Further, a varieties of transducers like condenser-microphone, polyvinylidene fluoride (PVDF) film, piezoresistive pressure sensor, ultrasound based sensor and infrared sensors have been used for this task [3] , [4] , [5] , [6] , [7] , [8] , [9] . The piezoresistive sensors are popular due to their high achievable sensitivity and smaller size [12] . Also, these sensors have very good low frequency response as compared to the piezoelectric pressure sensors [10] , which makes it more suitable for wrist pulse signal acquisition.
In this paper we are presenting a design of wrist pulse acquisition system successfully implemented for its clinical use. Section 2 describes the overall system design discussing the pressure sensor and signal conditioning circuit. Section 3 describes the use of this system along with software for monitoring and recording the wrist pulse signals. Section 4 concludes the paper with the significance of this system.
System Design

Pressure Sensor for System Design
Piezoresistive pressure sensors are highly sensitive and capable of providing DC as well as AC component present in the information signal thereby providing the static as well as dynamic component in the signal [11] . This makes it a suitable sensor for the acquisition of wrist pulse signals which have frequency contents from near DC to low frequencies. A piezoresistive pressure sensor MPXM2053D manufactured by Freescale Semiconductor is used for the purpose. These sensors are designed with thin film resistor network integrated on chip and have good linearity and high sensitivity. The die is encapsulated in thermoset plastic to protect it from environment. Packaging and mounting techniques used provide mechanical support, electrical interface, environmental protection and mechanical stress isolation. A silicone gel isolates the die surface and wire bonds from the environment, while allowing the pressure signal to be transmitted to the silicon diaphragm.
Pressure sensor MPXM2053D provides measurement of pressure signal with full scale pressure range of 50 KPa (375 mmHg) with 0.8mV/KPa/Volt sensitivity and 0.4% linearity. The physical dimension of the sensor is 9.1mm x 7.1mm in terms of length and width, which is almost similar to the surface area covered by finger tip surface and hence appropriate for the task of wrist pulse acquisition.
WRIST PULSE SIGNAL ACQUISITION SYSTEM DESIGN
Pulse Signal Conditioning
The pressure sensor is required to be interfaced with a signal conditioning circuit to reduce the noise present in the signal and to appropriately amplify it. Similar systems have been proposed by several researchers [5] , [7] , [13] for acquiring the wrist pulse signal using either piezoelectric or piezoresistive pressure sensors. In most of these systems gripper kind of mechanisms are employed for holding the pressure sensor on the pulse point. In wrist pulse signal acquisition the most crucial aspect is the identification of the wrist pulse point over the radial artery. The alignment of three pressure sensors on the wrist pulse points is not easy in all the subjects due to variations in the geometry of the hand. Hence a wrist pulse acquisition system is designed here and the pressure sensors are fixed on finger tips of the rubber glow and pulse pressure signal is acquired after optimally placing the pressure sensor on the pulse point.
The signal received from the pressure sensor is amplified using an instrumentation amplifier. The gain is such adjusted that signal of interest is adequately amplified without getting saturated. The signal is then filtered to reduce the noise, mainly the 50Hz pick up. The filtered signal is then further amplified and offset adjusted before digitization.
The front-end signal conditioning and processing blocks are as given below:
1. An instrumentation amplifier 2. A N o t c h f i l t e r t o r e m o v e 5 0 H z p o w e r l i n e interference 3. A Low-pass anti-aliasing filter 4. A High gain amplifier to amplify the signal 5. A Level shifter circuit to adjust offset for the acquired wrist pulse signal
The details of each of the blocks are given in the following sections
Instrumentation Amplifier
The pressure sensor provides differential output with sensitivity of 0.8mV/KPa/Volt. This is fed to an instrumentation amplifier with high Common Mode Rejection Ratio (CMRR) to appropriately amplify it. An instrumentation amplifier from Texas Instruments, INA128 with 120dB CMRR is used as a pre-amplifier for the purpose [14] as shown in Fig.1 . The gain of the amplifier is controlled with single external resistor RG given by Eqn. 1.
Gain1, thus achieved is 6.32 with RG = 9.4 KΩ. 
Notch Filter Design
The pulse pressure signal is corrupted with the power line pick-ups. To reduce this noise, the output of instrumentation amplifier is passed through a second order notch filter with notch frequency of 50 Hz. The schematic of the notch filter is shown in Fig. 2 and the notch frequency is calculated as given by Eqn. 2: The notch filter output is further amplified with the help of a non-inverting amplifier configured for gain Gain2 and is given by Eqn. 3.
The value of R7 is set to 50 KΩ to achieve Gain2 as 51.
Low Pass Filter and Level Shifter Design
The wrist pulse pressure signal is essentially a low frequency signal and is not expected to extend beyond about 100 Hz. The signal is therefore passed through a second order Butterworth Low pass filter to remove out of band signal and noise to avoid aliasing of high frequency signals before digitization. To investigate the pulse power spectrum in healthy and unhealthy subjects, the frequency components are restricted up to 97 Hz with the help of a low pass filter. The filter circuit also has a provision to correct the offset in the signal as shown in Fig.3 . The cutoff frequency is given by Eqn. 4.
where Rx = R8, Ry=R11, Cx=(C4||C12), and Cy=(C5||C11).
The offset voltage at minimum rated pressure for the pressure sensor being used has been found to be 1 mili volts. With the overall gain of the two gain stages (Gain1 = 6.32 and Gain2 = 51), the offset voltage becomes 0.321 Volts. The offset is eliminated through operational amplifier U3A to achieve null condition prior to wrist pulse acquisition. The offset stage also introduces gain in the circuit given by Eqn. 5.
Reff is the effective resistance observed at inverting terminal of U3A in Fig. 3 and is found to be between 8.39 KΩ to 23 KΩ for potentiometer R17 thereby providing Gain3 in the range of 1.45 to 2.19. Overall Gain of the system is thus calculated as Overall Gain = Gain1 x Gain2 x Gain3 = (6.32 X 51 X 1.45) = 467. The sensitivity of pressure sensor being used is 0.8mV/KPa/Volt = 4mV/350mmHg/Volt. The pressure sensor is supplied with 10 Volts (+5 V,-5 V). Hence the sensitivity of the pressure sensor is 40mV/350mmHg. Since overall gain o f t h e s y s t e m i s 467, overall sensitivity is 40x467 mV/350 mmHg. The calibration factor is therefore, obtained as 0.0187 mmHg/mVolts. Since the objective here is to investigate the pulse morphologies and their variations among all six wrist pulse signals from the point of view of traditional medicine approach, the signals acquired from pressure sensor are not calibrated in terms of standard mmHg. Due to which the output of the instrument is reported in amplitude scale of Volts unit.
Overall Wrist Pulse Acquisition System
The amplified and noise free wrist pulse signal is given to Data Acquisition (DAQ) card, USB-6009 from National Instruments [15] . The signal is digitized with 14 bit ADC present in the DAQ card. The sampling frequency of 500Hz has been set to acquire the samples of wrist pulse signal. The DAQ card is connected to the computer through USB port and the wrist pulse signals are recorded using "LabVIEW Signal Express" software, again from National Instruments. The complete system is powered through USB port (+5 Volts) which is used to generate +/-5 Volts dual power supply for the system using DC to DC converter [16] . Since the full scale range of the pressure sensor is 0 to 375 mmHg, the used of 14 bit ADC provides the system resolution of 0.022 mmHg.
Wrist Pulse Signal Acquisition using Signal Express Software
The wrist pulse acquisition system is interfaced with a computer and pulse signals are recorded using Signal Express software from LabVIEW. This software allows us to observe the wrist pulse signals on the computer monitor and long term recording of the signals. Before recording the pulse signal, three wrist pulse points over radial artery are identified with the help of finger tip palpation. The pressure sensor is placed over these identified pulse points for pulse signal acquisition. The first pulse point is located at the root of the thumb. The radius is the bone of the forearm that extends from the lateral side of the elbow to the thumb side of the wrist. At the end of this radius bone, a second pulse point is located over the radial artery. The distance between first and second pulse point is around 1.5 cm in adults. The third pulse point is identified in similar manner with distance around 1.5 cm away from the second pulse point. The pulse signal is a low frequency signal and contains the harmonics of fundamental frequency defined by the heart rate. The pulse signal also contains the frequency components below this fundamental frequency due to following reasons. As a result, the pulse signal contains signals near DC i.e. very low frequency signal. These components need to be removed before the signal can be processed further. Among these low frequency components, there is slowly varying signal corresponding to changing baseline of the pulse while acquiring pulse signal with increasing static pressure on the pulse point. As only the dynamic signal is of interest for further analysis, the near DC components are removed using Daubichies Wavelet Transform. The wrist pulse series is decomposed into multiple sub bands of low and high frequency bands. As the pulse series is sampled with 500 Hz, Approximation Coefficients in A9 sub band (CA9) represents the frequency components in the band of DC to 0.48 Hz. To separate out these components from the series, a pulse series corresponding to Approximation Coefficients CA9 is reconstructed and subtracted from the original wrist pulse series. Thus a wrist pulse series consisting of only dynamic pulse component is achieved. The static component can also be used for quantifying the applied pressure on the pulse point. Fig. 4 shows the elimination of these very low frequency components and separation of dynamic pulse component from the give wrist pulse series. 
Wrist Pulse Signal Acquisition
The designed Wrist pulse acquisition system is utilized for the wrist pulse signal acquisition in healthy and unhealthy subjects. The pressure sensor is fixed on a finger tip of a thin membrane hand glow. The pulse point over radial artery of the subject is identified manually based on the observation of maximum pulse strength. Once the pulse point is identified, the pressure sensor is located over the pulse point and pressure is gradually increased while acquiring the pulse signal. The pulse is recorded from low pressure to deep pressure on the pulse point before the artery is completely obstructed. While recording three wrist pulse signals simultaneously, it has been observed that the pressure applied on one pulse point modifies the pulse characteristics for other pulses. Hence, even though this system is capable of acquiring three wrist pulse signals simultaneously, only one pulse point signal is acquired at a time. The signals for the six points (three on the right hand and three on the left hand) are thus sequentially recorded as shown in Fig.5 . These signals are studied for healthy and unhealthy subjects. The pulse signals with maximum pulse strength in few healthy subjects are shown in Figs. 6, 7 and 8. In similar manner, the wrist pulse signals are acquired for unhealthy. In unhealthy subjects, it has been observed that the wrist pulse shows broadening or narrowing effects around the peak, perturbations in the diastole phase of the pulse, presence of BAD Notch at the end of the pulse segment as well as suppression of dicrotic notch in some specific unhealthy conditions as reported earlier [17] . Fig. 9 , 10, 11 and 12 shows the wrist pulse signals observed in unhealthy subjects. These changes observed in the pulse morphology, appearing of perturbations, presence of BAD notch and suppression of dicrotic notch enables us to identify the unhealthy subjects.
Conclusion
A data acquisition system has been designed for faithful acquisition of wrist pulse signals for further analysis for health diagnosis. The system designed with piezoresistive pressure sensor has helped in identifying static and dynamic pulse pressure components. Static component helps in quantifying the superficial and deep pressure applied on the pulse point while the characteristics associated with the dynamic pulse component helps in correlating the health status. The use of data acquisition card and Signal Express software has enabled on-line monitoring and long time recording of these signals for further analysis. The signals acquired with this system have been observed to be similar in morphology for the wrist pulse signals reported by other researchers. The system designed, therefore, makes an essential data acquisition system for acquiring wrist pulse signals for further analysis for health diagnosis.
